Nitrous oxide (N 2 O; laughing gas) has been a widely used anesthetic/analgesic since the 19th century, although its cellular mechanism of action is not understood. Here we characterize the effects of N 2 O on excitatory and inhibitory synaptic transmission in microcultures of rat hippocampal neurons, a preparation in which anesthetic effects on monosynaptic communication can be examined in a setting free of polysynaptic network variables. Eighty percent N 2 O occludes peak NMDA receptor-mediated (NMDAR) excitatory autaptic currents (EACs) with no effect on the NMDAR EAC decay time course. N 2 O also mildly depresses AMPA receptor-mediated (AMPAR) EACs. We find that N 2 O inhibits both NMDA and non-NMDA receptor-mediated responses to exogenous agonist. The postsynaptic blockade of NMDA receptors exhibits slight apparent voltage dependence, whereas the blockade of AMPA receptors is not voltage dependent. Although the degree of ketamine and Mg 2ϩ blockade of NMDA-induced responses is dependent on permeant ion concentration, the degree of N 2 O blockade is not. We also observe a slight and variable prolongation of GABA A receptor-mediated (GABAR) postsynaptic currents likely caused by previously reported effects of N 2 O on GABA A receptors. Despite the effects of N 2 O on both NMDA and non-NMDA ionotropic receptors, glial glutamate transporter currents and metabotropic glutamate receptor-mediated synaptic depression are not affected. Paired-pulse depression, the frequency of spontaneous miniature excitatory synaptic currents, and high-voltage-activated calcium currents are not affected by N 2 O. Our results suggest that the effects of N 2 O on synaptic transmission are confined to postsynaptic targets.
Despite much attention, cellular mechanisms underlying general anesthesia remain elusive. Many anesthetics share the ability to potentiate exogenously or synaptically generated GABA A receptor-mediated (GABAR) currents (Franks and Lieb, 1994) . Halothane, isofluorane, barbiturates, neurosteroids, and propofol are examples of known anesthetic GABA A modulators. Some anesthetics like halothane inhibit high-voltage -activated calcium currents (Herrington et al., 1991; Miao et al., 1995) , suggesting the possibility that presynaptic effects contribute to some of the anesthetic actions of these agents. Inhibitors of NMDA glutamate receptors, like ketamine, phencyclidine, and M K-801, have anesthetic properties, with ketamine enjoying widespread clinical use in pediatric populations.
Nitrous oxide (N 2 O) has been used as an inhalation anesthetic for over a century and as a recreational drug of abuse since at least the 18th century; yet the mechanism(s) of the effects of nitrous oxide on signaling in the C NS is not understood. N 2 O is widely used clinically because of its good analgesic properties; however, it is a relatively weak anesthetic, requiring high volume percent and hyperbaric conditions to achieve the minimal alveolar concentration for anesthesia in 50% of subjects (MAC) (Gonsowski and Eger, 1994) . Because of its low potency, N 2 O is often used in combination with other anesthetics.
In an initial study, we showed that N 2 O possesses several properties of a noncompetitive NMDA receptor antagonist, including the ability to protect brain tissue against excitotoxic damage, the ability to damage neurons in posterior cingulate and retrosplenial cortex, and the ability to block NMDA-gated currents in CNS neurons. In addition, N 2 O weakly potentiates GABAR currents (Dzoljic and Duiijn, 1998; Jevtovic-Todorovic et al., 1998) . A complete understanding of N 2 O actions requires an analysis of effects on neural communication, in which potential presynaptic and postsynaptic contributions can be assessed. To increase understanding of the mechanisms of N 2 O actions, we explored in the current study the actions of N 2 O on neurotransmission in a simple setting of rat hippocampal microcultures (Segal and Furshpan, 1990) . Solitary neurons grown in synaptic isolation in microcultures form autaptic (self-synaptic) connections (Bekkers and Stevens, 1991; Segal, 1991) , thereby allowing the exploration of N 2 O synaptic actions in an environment free of many complicating variables, such as feedback inhibition and other network properties associated with more intact preparations.
MATERIALS AND METHODS
Hippocampal cultures. Hippocampal cells were prepared from 1-3 d postnatal Sprague Dawley rats. Slices of hippocampus 500 -800 m thick were digested with 1 mg /ml papain in oxygenated Leibovitz's L -15 medium. Digested slices were mechanically triturated in modified Eagle's medium containing 5% horse serum, 5% fetal calf serum, 17 mM D-glucose, 400 M glutamine, 50 U/ml penicillin, and 50 g /ml strepto-mycin. C ells (75/mm 2 ) were plated onto plastic culture dishes coated with a layer of collagen microdots over a layer of dried 0.15% agarose (microcultures) as described previously . Cultures were treated with cytosine arabinoside (10 M) after 3 d in vitro and were used for experiments 1-16 d after plating.
Electrophysiolog y. The extracellular bath solution for synaptic physiology contained (in mM): NaC l 140, KC l 4.0, C aC l 2 2.0, MgC l 2 1.0, and H EPES 10. For experiments examining isolated NMDA receptormediated (NMDAR) excitatory autaptic currents (EAC s), 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(F)quinoxaline (N BQX; 1 M), glycine (10 M), and bicuculline (25 M) were added to the bath, and Mg 2ϩ was removed from the bath. For examination of AM PA receptormediated (AM PAR) EAC s, D-2-amino-5-phosphonovalerate (D-APV; 25 M) and bicuculline (25 M) were added to the bath. For examination of inhibitory autaptic currents (IAC s), N BQX (1 M) and D-APV (50 M) were added. For examination of miniature EPSC s (mEPSC s), tetrodotoxin (500 nM), D-APV (25 M), and bicuculline (25 M) were included in the bath. In experiments in which currents were induced by exogenous NMDA, the extracellular solution contained no added Mg 2ϩ and contained reduced C a 2ϩ (0.1-0.5 mM) to diminish calciumdependent fade of NMDA-induced currents (Mayer and Westbrook, 1985; Z orumski et al., 1989; Legendre et al., 1993) . For examination of high-voltage -activated (H VA) calcium currents, 5 mM BaC l 2 replaced CaCl 2 and MgC l 2 and served as the charge carrier. Additionally, 1 M tetrodotoxin was present in the bath. C alcium currents were leak subtracted using a P/5 (subpulse) protocol. Voltage pulses from Ϫ70 to Ϫ10 mV delivered every 20 sec were used to elicit H VA calcium currents.
For addition of gas, the extracellular solution was bubbled with air or N 2 O/O 2 mixtures using a bubbling stone. The bubbling container was sealed with Parafilm punctured with a small escape hole. The solution was equilibrated with gas for at least 30 min, at which time gasequilibrated solutions were drawn into a closed glass syringe. The syringe served as a solution reservoir for a gravity-driven local perf usion system consisting of glass tubes connecting the reservoirs with a multibarrel pipette (List Electronic, Darmstadt, Germany). The common tip of the multibarrel pipette was placed 400 m from the recorded cell. Solution flow rates were 0.8 -1.5 ml /min. The slower flow rates were used for synaptic experiments; faster flow rates (attained with larger-bore glass connecting tubes) were used for exogenous applications. Based on junction-current measurements using solutions of different chloride concentrations, rise times of solution exchanges with the faster flow rates were Ͻ30 msec (10 -90% rise) at the tip of an open recording pipette. For most experiments 80% N 2 O/20% O 2 was used so that bottled air (80% N 2 /20% O 2 ) could be used as a control.
The whole-cell recording pipette solution for studies of EAC s contained (in mM): potassium gluconate 130, NaC l 4.0, C aC l 2 0.5, EGTA 5.0, H EPES 10, MgATP 2 2.0, and GTP 0.5. For study of IAC s, gluconate was replaced with chloride. For studies of responses to exogenous glutamate receptor agonists and for studies of mEPSC s, cesium methanesulfonate replaced potassium gluconate. For study of the voltage dependence of NMDA-receptor blockade, cesium chloride or choline chloride replaced potassium gluconate in the patch-pipette solution. The pH of solutions was adjusted to 7.25.
For evoked synaptic responses, whole-cell, voltage-clamp recordings of autaptic currents were performed from solitary neurons using pipettes with an open-tip resistance of 2-5 M⍀ and with series resistance compensated 90 -100% using the compensation circuitry of an Axopatch 1-D amplifier (Axon Instruments, Foster C ity, CA). Neurons were stimulated with a brief (1.5 msec) voltage-command pulse to 0 mV from a holding potential of Ϫ70 mV. Successive sweeps were triggered at intervals of Ն20 sec to allow recovery from short-term depression and facilitation. Paired-pulse stimuli were delivered at 100 msec intervals for EAC s and 500 msec intervals for IAC s to allow conditioning responses to decay before delivery of a test stimulus. Averages of two to five sweeps in each condition were used for display and analysis. For miniature synaptic currents and exogenous currents, experiments were not limited to solitary-neuron microcultures, and series-resistance compensation was usually not used to achieve the lowest background noise levels possible. EAC decays were fit with a single exponential or biexponential f unction, generated from a Chebychev-transform algorithm (Pclamp 6.0; Axon Instruments). Unless otherwise indicated, results are presented as mean Ϯ SE.
RESULTS

Effect of N 2 O on NMDAR EPSCs
Because we showed previously that N 2 O blocks NMDAR currents in hippocampal neurons, we first explored the effect of N 2 O on NMDAR synaptic currents in hippocampal microcultures. We found that a subanesthetic concentration of 80% (volume percent) N 2 O applied to isolated microculture neurons inhibited peak NMDAR EACs by 49 Ϯ 6% (n ϭ 6) compared with control responses (Ϫ1314 Ϯ 317 pA) examined in extracellular saline bubbled with air. The degree of synaptic blockade was similar to that observed with exogenous applications of NMDA (JevtovicTodorovic et al., 1998 ) (see below).
NMDAR EACs in microcultures decay with a biexponential time course (Clements et al., 1992) . In the present experiment, control EACs decayed with time constants of 89.5 Ϯ 4.6 and 491 Ϯ 16 msec, with the fast component representing 53 Ϯ 3% of the initial amplitude of the EAC (Fig. 1 B) . The time course of NMDAR EACs was not significantly affected by the application of 80% N 2 O ( Fig. 1 A, B) . The lack of N 2 O effect on NMDAR EAC time course has interesting implications for the mechanism of action of N 2 O. Ketamine, another anesthetic known to inhibit NMDA receptor function, is a slowly dissociating antagonist that requires channel opening to inhibit NMDA receptors (MacDonald et al., 1987) . When we examined the effect of 5-10 M ketamine, we found a degree of peak NMDAR EAC inhibition similar to that induced by 80% N 2 O (Fig. 1 A, C ; 45 Ϯ 4% depression with baseline amplitudes of Ϫ1545 Ϯ 248 pA; n ϭ 5). However, in contrast to N 2 O, ketamine also significantly decreased the decay time of the NMDAR EAC. The decrease in decay time in the presence of ketamine was expressed as a decrease in both the fast and slow time constants of decay as well as an increase in the relative amplitude of the fast component of decay (Fig. 1 D) . These effects of ketamine are similar to the effects of MK-801 at NMDA receptors and to the actions of slowly dissociating barbiturates acting on neuromuscular endplate currents (Adams, 1976) .
In contrast to the actions of ketamine and of N 2 O on NMDAR EACs, classical open-channel blockers, like procaine or methyprylone, acting at neuromuscular nicotinic receptors prolong the late phase of endplate currents (Kordas, 1970; Adams, 1976) by increasing the burst duration of channels (Neher and Steinbach, 1978) . Our data suggest that N 2 O acts neither like a classical open-channel blocker nor like a use-dependent, slowly reversible channel blocker. As a representative of another class of NMDA channel blockers, we examined the effects of the noncompetitive antagonist Mg . At a concentration of 15 M, a concentration lower than that at which presynaptic effects of Mg 2ϩ are observed (Tong and Jahr, 1994a) , Mg 2ϩ occluded peak NMDAR EACs by an amount similar to that obtained with ketamine and N 2 O (Fig.  1 E) . Like N 2 O, Mg 2ϩ had no detectable effect on the EAC decay ( Fig. 1 F) . These effects of Mg 2ϩ are consistent with the rapid block by Mg 2ϩ of NMDA receptor channels, the ability of NMDA channels to close with Mg 2ϩ still bound, and the lack of prolongation of channel burst duration (Nowak et al., 1984) . These results suggest that if N 2 O acts via a channel block mechanism, the mechanism is unlikely that of a classical open-channel blocker or of a slowly dissociating open-channel blocker like ketamine.
Effect of N 2 O on responses to exogenous NMDA
To explore f urther the effects of N 2 O at NMDA receptors and to compare these effects with the other clinically used NMDA receptor antagonist /anesthetic, we examined the effects of ketamine and N 2 O on NMDA-induced currents. We found that ketamine blockade developed more slowly than did N 2 O blockade when the antagonist was rapidly coapplied with NMDA ( Fig. 2 ). This slow blockade resulted primarily from the use dependence of ketamine actions rather than from slow binding of ketamine, because ketamine preapplied for 2 sec before the addition of NMDA resulted in peak NMDAR currents nearly equal in amplitude to those responses obtained with simultaneous coapplications of agonist and antagonist (Fig. 2 A) . In contrast to ketamine blockade, N 2 O blockade was nearly immediate when the application of agonist and antagonist was simultaneous (Fig. 2 B) . This indicates that the N 2 O effect develops more rapidly than does that of ketamine. In combination with the lack of effect of N 2 O on NMDAR EAC time course, this result suggests that N 2 O blockade is not dependent on channel opening.
We also compared the voltage dependence of N 2 O and ketamine blockade. For these experiments antagonists were coapplied with agonists during the steady-state phase of agonistinduced responses (Fig. 3) . When the degree of blockade of antagonists was compared at Ϫ60 and ϩ60 mV, blockade with both drugs exhibited significant voltage dependence. However, N 2 O exhibited much weaker voltage dependence than did ketamine ( Fig. 3D ) at a concentration that yielded an equivalent amount of block when effects were collapsed across voltages (Fig. 3D, legend) . When the complete current-voltage relationships for ketamine and N 2 O were examined, currents both in the presence and in the absence of antagonist showed reversal potentials near 0 mV (data not shown). We also examined the voltage dependence of Mg 2ϩ blockade, which, as expected, exhibited strong voltage dependence, similar to that of ketamine (55 Ϯ 1% block relative to baseline amplitude of Ϫ195 Ϯ 37 pA at Ϫ60 mV and 2 Ϯ 1% block relative to baseline of ϩ222 Ϯ 40 pA at ϩ60 mV; data not shown).
The voltage dependence of N 2 O blockade of NMDA receptors, although weak, is puzzling because N 2 O is an uncharged molecule. Some ion channel blockers derive some of their apparent voltage dependence from direction of current flow rather than from voltage per se. For instance, derivatives of tetraethylammonium exhibit less block of potassium channels when the membrane potential is maintained but when the driving force on potassium is decreased by elevating extracellular potassium concentration (Armstrong, 1971) . In addition, the degree of potassium channel block by both Ba 2ϩ and charybdotoxin can be influenced by permeant ion concentration (Armstrong et al., 1982; MacKinnon and Miller, 1988) . To investigate the possibility that this mechanism might underlie the apparent voltage dependence of N 2 O, we used a pipette solution of either cesium chloride or choline chloride and examined the effect of N 2 O on NMDA responses. As expected, when choline was used as the main intracellular cation, reversal potentials for NMDA currents were shifted to approximately ϩ50 mV from the typical 0 mV (data not shown). When examined at Ϫ30 mV, N 2 O block of inward NMDA currents was not significantly different between cesium-and choline-loaded cells (Fig. 4 A-C) . However, when 5 M ketamine was used as an antagonist, blockade of NMDA currents at Ϫ30 mV was significantly enhanced in choline-loaded cells versus cesium-loaded cells (Fig. 4 D-F) . The blockade of NMDA currents by Mg 2ϩ (15 M) was also greater in choline-loaded cells than in cesium-loaded cells examined at the same membrane potential (Fig. 4G-I ). These results suggest that enhancing the inward driving force on ions through NMDA receptors does not affect the degree of block by N 2 O and make it unlikely that the apparent voltage dependence of N 2 O blockade can be explained by an effect of current flow through the NMDA channel. On the other hand, current flow through the NMDA channel significantly interacts with ketamine and Mg 2ϩ blockade, suggesting this mechanism plays a role in the apparent voltage dependence of ion channel block.
Effect of N 2 O on AMPAR EACs and tests of presynaptic N 2 O effects
We next examined the effect of N 2 O on AMPAR EACs in the presence of 25-50 M D-APV and 1 mM Mg 2ϩ to block the NMDAR component of EAC s. AM PAR EAC s were also inhibited by N 2 O, but less than were NMDAR EACs (Fig. 5) . The inhibition by N 2 O of both NMDAR and AMPAR EACs compared with air controls may suggest a presynaptic effect of N 2 O because AMPAR and NMDAR EACs are similarly affected by presynaptic manipulations (Tong and Jahr, 1994a) . To determine whether the effects on AMPAR EACs were caused by presynaptic or postsynaptic effects of N 2 O, we first examined paired-pulse modulation, a form of plasticity that is susceptible to presynaptic modulation both in situ and in microcultures (McNaughton, 1980; Mennerick and Zorumski, 1995) . Previously, we found that many different presynaptic modulators alter the degree of paired-pulse depression of microculture AMPAR EACs (Mennerick and Zorumski, 1995) . However, N 2 O failed to significantly change the degree of paired-pulse depression observed in response to paired stimulation delivered 100 msec apart (Fig. 5C , D ) .
As another test for presynaptic effects of N 2 O, we examined the frequency of AMPAR mEPSCs (recorded with 500 nM tetrodotoxin in the extracellular recording solution) in the presence of air and N 2 O. In six neurons we could detect no change in mEPSC frequency with exchange of N 2 O for air in the extracellular bath (1.1 Ϯ 0.7 Hz in air; 1.1 Ϯ 0.6 Hz in N 2 O; data not shown). However, we were also unable to detect a significant change in mEPSC amplitude in the presence of N 2 O in this experiment. For instance, in the cell with the highest frequency of mEPSCs, mEPSC peak amplitude was Ϫ33.7 Ϯ 2.1 pA in air (n ϭ 118 events) and Ϫ36.1 Ϯ 1.9 pA in N 2 O (n ϭ 146 events; p Ͼ 0.4). Although this could represent a lack of postsynaptic effect, the negative result is more likely attributable to the small effect of N 2 O on peak synaptic responses coupled with the large variability in mEPSC amplitudes (Bekkers et al., 1990) .
As a third experiment to determine whether N 2 O might have presynaptic effects, we examined effects on voltage-gated calcium currents in hippocampal neurons. Because a common target of many modulators of presynaptic function is HVA calcium channels (Miller, 1990; Wu and Saggau, 1997) , we first examined the effect of N 2 O on HVA calcium current in hippocampal neurons. We found no reliable effect of 80% N 2 O on soma HVA currents in these cells compared with currents in the presence of air (98.7 Ϯ 1.5% of control; control peak amplitude, Ϫ327 Ϯ 74 pA; n ϭ 5; Fig. 6 ). Because of the difficulty of spatially voltageclamping cultured neurons, we also examined HVA calcium currents in acutely dissociated rat dorsal root ganglia neurons, which do not have extensive processes. These results also showed no effect of N 2 O on HVA currents (data not shown).
Effect of N 2 O on exogenously activated AMPAR currents
The above experiments suggest that presynaptic depression does not contribute to the depression of excitatory synaptic transmission. Therefore, we designed experiments to assess more directly the possibility of postsynaptic modulation of AMPA glutamate receptors by N 2 O. We examined the effect of N 2 O on currents elicited by kainic acid, a weakly desensitizing agonist at AMPA receptors. Steady-state responses to 50 M kainate averaged Ϫ568 Ϯ 146 pA in the presence of air and were inhibited by 32 Ϯ 2% at Ϫ60 mV (n ϭ 10). With a higher concentration of agonist (1 mM KA), the degree of blockade was similar (Ϫ29 Ϯ 2% change; n ϭ 11; data not shown). When blockade at Ϫ60 and ϩ60 mV was compared, a similar degree of antagonism was observed at both potentials ( p Ͼ 0.15, paired t test; Fig. 7 ). These results suggest that like blockade of NMDA receptors, N 2 O blockade of AMPA receptors appears noncompetitive. However, unlike the blockade of NMDA receptors, there is no detectable voltage dependence to the block. The effects observed are unlikely to be caused by blockade of high-affinity kainate receptors, because these receptors are rapidly desensitized with the drug application protocols used (Wilding and Huettner, 1997) . Also, at the high concentration of kainate, mostly AMPA receptors are activated in hippocampal cells because of the greater numbers of these receptors. Therefore, the similar degree of block at the two concentrations suggests that blockade is primarily of postsynaptic AMPA receptors.
Tests of N 2 O interaction with presynaptic metabotropic receptors and with glutamate transporters
Because the present results show that N 2 O interacts with both NMDA and non-NMDA subtypes of ionotropic glutamate recep- tors, we also assessed whether N 2 O targets presynaptic metabotropic glutamate receptors. We showed previously that activation of metabotropic receptors causes presynaptic depression at microculture autaptic synapses . Similarly, in the present study we found that the combination of 100 M 1S,3R-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R-ACPD) plus 100 M L-AP-4 to activate groups I, II, and III metabotropic receptors (Conn and Pin, 1997) depressed AMPAR EACs by 36 Ϯ 9% from a baseline amplitude of Ϫ3379 Ϯ 859 pA (all responses recorded in the presence of air; n ϭ 7). The effect of N 2 O on peak AM PAR EAC was similar in the absence or presence of metabotropic agonists (Ϫ13 Ϯ 2% N 2 O-induced change relative to responses in the absence of metabotropic agonists; Ϫ11 Ϯ 2% change relative to responses in the presence of metabotropic agonists; n ϭ 8; Fig. 8 ). From this experiment, we conclude that N 2 O does not interact with the metabotropic receptors involved in mediating depression of synaptic responses. We cannot exclude an effect of N 2 O on other physiological effects of metabotropic receptors, such as phosphoinositide hydrolysis. Glutamate transporters are another class of plasma membrane glutamate-binding proteins that might be a target for N 2 O actions. Glutamate transporters in situ and in culture rapidly bind glutamate after synaptic release (Mennerick and Z orumski, 1994; Tong and Jahr, 1994b) . Under certain conditions, transport inhibitors can influence the peak glutamate concentration obtained (Tong and Jahr, 1994b) or increase the effective lifetime of glutamate acting at postsynaptic receptors (Mennerick and Zorumski, 1994) . Additionally, glutamate transporters may be the target of other volatile anesthetics (Hirof umi et al., 1997) . For these reasons, we directly tested the possibility that glutamate transporters are a target of N 2 O actions by exploiting the electrogenicity of glutamate transporters (Brew and Attwell, 1987) . We examined the effect of N 2 O on D-aspartate currents elicited from microculture glia filled with a potassium gluconate solution. Under the conditions of this experiment, the current generated by D-aspartate application should result from the electrogenic transport current produced by the net influx of positive charge on each transporter cycle but not from the recently described anion conductance also gated by glutamate transporter activation (Wadiche et al., 1995) . In four glial cells, D-aspartate currents averaged Ϫ45.5 Ϯ 21 pA. We observed little change in the D-aspartate current with coapplication of 80% N 2 O (ϩ8 Ϯ 2% change compared with the current with D-aspartate in the presence of air). In two additional cells there was an apparent enhancement of the glutamate transporter current when D-aspartate and N 2 O were coapplied (the trace shown in Fig. 9 is an example of a modest enhancement). However, this apparent change was unrelated to an effect on glutamate transporter currents, because the current was elicited by N 2 O alone in the absence of D-aspartate (data not shown) and was present in one cell despite an undetectable D-aspartate current. Furthermore, the response to N 2 O alone was Average depression induced by 80% N 2 O on peak AM PAR EAC s (n ϭ 8) is shown. Depression was calculated as: (P n /P a ) Ϫ 1, where P n is the peak response in the presence of N 2 O, and P a is the peak response in the presence of air. C, D, Paired-pulse depression of AM PAR EAC s was unaffected by N 2 O. C, Example currents are from the same cell shown in A. Paired-pulse interval was 100 msec. D, The degree of paired-pulse modulation was calculated by subtracting 1 from the test peak (P 2 )/ conditioning peak (P 1 ) ratio (P 2 /P 1 ). Therefore, depression yields negative values, and facilitation yields positive values. not observed in all glial cells in which transporter currents were detected. Finally, transporter currents under the present conditions reverse direction at potentials more positive than ϩ50 mV (Brew and Attwell, 1987) , whereas the N 2 O-induced glial current reversed direction near Ϫ70 mV (data not shown). Because of its small amplitude and variability, the direct effect of N 2 O on glial membrane conductance was not studied f urther in the present work.
N 2 O and GABAR IACs
Approximately 50% of the neurons in postnatally derived hippocampal microcultures are GABAergic (Bekkers and Stevens, 1991; Segal, 1991) . We studied the effect of N 2 O on IACs by replacing gluconate in the whole-cell pipette with chloride to cause IAC s to appear as inward currents at Ϫ70 mV. Consistent with weak effects of N 2 O on GABA A receptor-mediated currents in response to exogenous GABA (Dzoljic and Duiijn, 1998; Jevtovic-Todorovic et al., 1998) , we observed small effects of N 2 O on GABAR IAC s. Peak GABAR IAC s were not affected by 80% N 2 O (2 Ϯ 3% potentiation compared with air; n ϭ 21). Measured using the 10 -90% decay time to quantif y the IAC time course, IAC decays were variably affected, ranging from no effect to 50% prolongation (n ϭ 21; Fig. 10 ). Overall, N 2 O resulted in a 15 Ϯ 5% increase in the IAC charge transfer (n ϭ 21). As a comparison we used pentobarbital, an anesthetic known to potentiate GABAergic transmission (Franks and Lieb, 1994) . Because 80% N 2 O is approximately one-half the MAC required to produce anesthesia in rats (Jevtovic-Todorovic et al., 1998) , we used 25 M pentobarbital, which should represent an anesthetic concentration equivalent to 80% N 2 O (Franks and Lieb, 1994) , as a comparison. Slowing of IAC decays was much more pronounced with pentobarbital compared with N 2 O; pentobarbital treatment increased the IAC charge transfer by 86 Ϯ 13%, with little effect on IAC peak amplitude (8 Ϯ 7% change; n ϭ 4; Fig.  10 A, B) . Paired-pulse depression of IACs was not affected or was slightly reduced by N 2 O (Ϫ36 Ϯ 4% paired-pulse change in air vs Ϫ27 Ϯ 7% change in N 2 O; n ϭ 14; p Ͼ 0.08, paired t test; Fig.  10C ), suggesting that a presynaptic potentiation of IACs is unlikely. As another anesthetic comparison, we examined the effect of ketamine on IPSCs. At 100 M, a concentration approximately two orders of magnitude higher than anesthetic concentrations (Franks and Lieb, 1994) , ketamine had no effect on peak IACs or on total IAC charge transfer (Ϫ4 Ϯ 8% change in peak; 6 Ϯ 9% change in charge; n ϭ 4).
DISCUSSION
Our results show that synaptic targets of the widely used inhalation anesthetic N 2 O are confined to postsynaptic sites in hippocampal microcultures. Although a lack of effect of N 2 O on GABA A receptors has been reported previously (Little and Thomas, 1986 ), a recent paper using isolated hippocampal neurons and a local perfusion system similar to that used here found potentiation of responses to exogenously applied muscimol (Dzoljic and Duiijn, 1998) . Similarly, a study of invertebrate glutamate receptors reported blockade by N 2 O (Macdonald and Ramsey, 1995) . Our present results combined with our previous results (Jevtovic-Todorovic et al., 1998) suggest that several postsynaptic effects may contribute to the anesthetic/analgesic effects of N 2 O.
As part of our effort to examine possible presynaptic targets of N 2 O, we examined H VA calcium currents, the general class of calcium current thought to underlie fast neurotransmitter release at glutamate and GABA synapses. We conclude that presynaptic effects via calcium channels are unlikely to underlie the modulation of synaptic transmission observed. Although we cannot eliminate the possibility that the presynaptic terminal may possess a different complement of calcium channels than those examined in the somata, previous studies suggest that effects on soma calcium currents are predictive of synaptic effects (Wu and Saggau, 1997) .
N 2 O has somewhat nonselective but differential effects on excitatory and inhibitory synaptic currents. It remains to be determined which of the three postsynaptic effects described here might be most important in determining the anesthetic / analgesic properties of N 2 O. Of the three effects of N 2 O detected in the present study, blockade of NMDAR EAC s was quantitatively the largest effect of N 2 O. Although GABA A receptors are a common target of many anesthetics, including volatile anesthetics and barbiturates, the effects of N 2 O on IAC s were significantly weaker than were the effects of an anesthetically equivalent concentration of pentobarbital (Franks and Lieb, 1994 ). An anesthetic with the property of an AM PA receptor antagonist has not been described. Because blockade of glutamate receptors and potentiation of GABA A receptors would both tend to dampen C NS excitability, it is possible that all three effects work in concert to produce clinical anesthesia. It is of note that the M AC necessary for N 2 O to produce anesthesia in 50% of rats is 150% (v/ v) (Gonsowski and Eger, 1994) , a concentration unachievable except under hyperbaric conditions. We assume that the effects observed in the present work at subanesthetic concentrations of N 2 O can be extrapolated to anesthetic doses (and may be more pronounced at these doses). However, the extent to which the postsynaptic effects described here underlie the anesthetic /analgesic properties of N 2 O remains to be determined.
Our results do not address the mechanism by which N 2 O blocks ionotropic glutamate receptors and potentiates GABA receptors. Because of the larger magnitude of the effect on NMDA receptors and because of the novelty of this effect, we examined NMDA receptor blockade in most detail. Via these analyses we can make some qualified statements regarding the mechanism of N 2 O block of NMDA receptors. Our previous work showed that N 2 O exhibits a noncompetitive inhibition profile in dose-response relationships (Jevtovic-Todorovic et al., 1998) , as does the other clinically used NMDAR antagonist anesthetic ketamine. However, the present work shows that N 2 O blockade of NMDA receptors is much faster and more easily reversible than the block exhibited by ketamine. In addition, the lack of effect on the NMDAR EAC time course suggests that N 2 O is unlikely to possess a use dependence like that of classical local anesthetic agents such as procaine acting at neuromuscular nicotinic acetylcholine receptors (Neher and Steinbach, 1978) . The term "uncompetitive inhibition" has been used to describe antagonists with a requirement for agonist binding (Pennefather and Quastel, 1992) . Our data show no evidence of an uncompetitive mechanism for N 2 O.
A difference in the blockade of AMPA versus NMDA glutamate receptors is the voltage dependence exhibited by N 2 O block of NMDA but not of AMPA receptors. Because N 2 O is not charged, it seems unlikely that this voltage dependence signifies that N 2 O senses the transmembrane electrical field and binds within the channel pore. Our results suggest that the direction of current flow is unlikely to impart apparent voltage dependence to the N 2 O blockade via a knock-on/knock-off type mechanism. Rather, because NMDA receptor gating has been shown to exhibit inherent voltage dependence aside from physiological blockade by Mg 2ϩ (Nowak and Wright, 1992) , it is likely that the apparent voltage dependence of N 2 O is caused by increased N 2 O binding to channel conformations adopted preferentially at negative potentials. In contrast, changing the reversal potential of NMDAR currents clearly influences the degree of ketamine and Mg 2ϩ blockade, suggesting that a knock-on/knock-off mechanism likely explains at least part of the apparent voltage dependence of blockade of these two agents (MacDonald and Nowak, 1990) .
Ketamine and Mg 2ϩ represent two different classes of molecules that interact with the NMDAR ion channel. Although ketamine exhibits use dependence, Mg 2ϩ apparently is capable of interacting with the closed NMDAR (Nowak et al., 1984; MacDonald et al., 1987; MacDonald and Nowak, 1990) . Despite these differences in mechanism, the degree of block by both agents shares strong voltage dependence and at least partial dependence on permeant ion concentration (Fig. 4) . N 2 O shares neither of these features. Although our data do not definitively suggest a mechanism of N 2 O action, this dissimilarity between N 2 O and two known channel blockers makes it less likely that N 2 O interacts directly with the NMDAR ion channel.
Although our results suggest that N 2 O targets multiple postsynaptic sites, we failed to detect effects on responses generated by several other classes of transmembrane proteins. We detected no effect on currents mediated by HVA calcium channels, no effect on electrogenic glutamate transporter currents, and no interaction with presynaptic metabotropic glutamate receptors. The lack of N 2 O effect on these responses suggests some specificity of 
